The retinal pigment epithelium (RPE) plays a critical role in the maintenance of the outer retina.
Introduction
The retinal pigment epithelium (RPE) is a monolayer of multifunctional epithelial cells that physically abuts the photoreceptor layer and effectively forms the posterior blood-retinal barrier.
RPE cells contain photoprotective pigment granules, phagocytose shed photoreceptor outer segments (POS), recycle 11-cis retinal, and regulate ion and nutrient fluxes between the outer retina and choriocapillaris (1) . Defects in any of these essential activities may cause secondary photoreceptor dysfunction, retinal degeneration and blindness. For example, humans and rodents that lack the Mer tyrosine kinase exhibit severely defective phagocytosis of POS and undergo rapid retinal degeneration (2, 3) , and mutation or loss of RPE65 in patients with Leber's Congenital Amaurosis leads to failure of the visual cycle and progressive retinal degeneration (4, 5) . Although these are relatively rare conditions, the many energy-dependent activities of RPE cells create a metabolic burden in normal individuals that increases with age, and which is manifest in the accumulation of insoluble waste products such as the toxic bis-retinoid lipofuscin (6) . In humans this leads to a decrease in RPE cell numbers with age (7, 8) , whereas agerelated photoreceptor loss appears to correlate more specifically with lipofuscin levels in the underlying RPE (9) .
Various experimental models have been used to investigate the effects on the retina of RPE loss, stress or dysfunction. The principle methods used to kill RPE cells have been chemical ablation using sodium iodate, and mechanical debridement to physically remove the RPE. Several distinct responses to sodium iodate have been reported, including loss of adhesion between the retina and RPE (10) , photoreceptor degeneration (11) and atrophy of the choriocapillaris (12). Some of these features have also been reported following surgical debridement of the RPE, for example, pathological changes to the choriocapillaris in rabbits and cats (13) (14) (15) . Photoreceptor degeneration following loss of RPE occurs regardless of method used, but RPE re-growth has been noted only following debridement in pig eyes (16) . Both 4 experimental strategies achieve RPE loss, but may also induce off-target effects or indirect responses such as inflammation following necrotic cell death (11) . RPE proliferation observed upon debridement most likely occurs as a consequence of the procedural retinal detachment, as in proliferative vitreoretinopathy, where loss of the intimate physical association with the photoreceptors permits RPE cells, even while contact inhibited, to enter the cell cycle (17, 18) .
To circumvent these problems, we have developed a mouse model in which conditional genetic ablation of the RPE leads to a rapid and profound reduction in RPE cell number. We find that the RPE monolayer is highly adaptive in its ability to compensate for significant individual cell loss, maintaining an effective blood-retinal barrier and normal monolayer thickness in the absence of significant cell division. However, other RPE-dependent activities necessary for normal photoreceptor function are impaired leading to anatomical and functional changes in the retina. Our model provides new insight into the relationship between RPE cells and retina, and should be useful for studies aimed at repopulating or replacing RPE following death or dysfunction in disease. Cre recombination activity in the resulting mouse strain was tested in a ROSA-lacZ reporter background (25) . In this reporter strain a loxP-flanked stop cassette normally prevents the expression of lacZ, but upon Cre activation via systemic tamoxifen delivery, the stop cassette is removed and lacZ is expressed, reporting Cre recombination activity. In the first instance, we induced newborn RPE CreER x ROSA-lacZ mice with a single injection of 4-hydroxytamoxifen (the metabolically active form of tamoxifen). After one week lacZ expression was assessed in sclera/RPE whole mounts. We found strong staining in a subpopulation (approximately 20%) of RPE cells in mice containing the iCreER T2 transgene but not in iCreER T2 -negative littermates (Fig. 1B) . We also observed lacZ expression in choroid plexus epithelium in the brain (Fig. 1C) , confirming Mct3 specific expression of the transgene. We then induced Cre activity in adult mice (6 weeks old) because an adult experimental paradigm is more relevant for human RPE dysfunction, which typically displays adult onset. Two weeks after tamoxifen administration we found that recombination had occurred in approximately 5% of RPE cells, revealing lower recombination efficiency in adult than in neonatal animals (Fig. 1D ). Cross 6 sections demonstrated that recombination activity was restricted to the RPE and completely absent from the retina (Fig. 1E ). (Fig. 2A) . In this and all subsequent experiments tamoxifen was administered to adult animals (see Supplementary   Table 1 for details of ages). After tamoxifen administration we used an antibody against ZO-1 (visualising tight junctions and the outline of RPE cells) to assess changes in the RPE. Six days after tamoxifen administration numerous individual RPE cells became rounded, lost their well defined ZO-1 staining and were extruded towards the retina ( DTA background with an average 68% reduction of RPE cell numbers after 14 days (Fig. 2E ).
Results

Cre
However, after the initial wave of RPE loss cell numbers stabilized and remained unchanged between 14 days and 6 months (Fig. S2 ). RPE flat mounts from animals 2 weeks post tamoxifen and wild type littermates revealed that dead cells did not leave gaps in the continuity of the epithelium. Instead, surrounding cells dramatically increased their size to prevent holes appearing (Fig. 2F) . The RPE CreER /DTA cells were found to be more irregularly shaped ( Fig. 2G) with significantly longer perimeters (Fig. 2H) , and a significant reduction in the total length of junctional interfaces between cells, measured by assessing the perimeter:area ratio (Fig 2I) .
The impact on cell-cell junctions was also investigated by western blotting protein fractions isolated from the RPE cells of both RPE CreER /DTA and wild type control eyes (Fig. 2J ). An average 42% reduction in the amount of ZO-1 was observed ( Ultrastructural Changes in Surviving RPE Cells. Since the average diameter of surviving RPE cells was significantly increased, we tested whether the cell spreading was associated with a reduction in cell thickness. Electron microscopy (EM) was performed on wild type ( Fig. 3A) and RPE CreER /DTA ( comparison to a wild type (Fig. 3F ) retina. We also immunostained sections of retina using protein markers whose expression lies both within and outside the areas that are morphologically altered in the RPE CreER /DTA retinas. Phalloidin was used to visualise the F-actin distribution throughout all the layers of the retina ( Fig. S3A-B) . The distribution of F-actin, though altered at the anatomical level, was consistent at the cellular level with the pattern of Factin expression in wild type retinas. Thus, regions of enrichment are still aligned with the same cellular boundaries, principally flanking the photoreceptor inner segments. PKCa (Fig. S3C ), cone transducin (Fig. S3D) , and mGluR6 staining were unaffected in the RPE CreER /DTA retinas (Fig. S3E ). There was however a change in the expression of Müller cell glial fibrillary acidic protein (GFAP), with an increase in staining in the inner plexiform and inner nuclear layers of the retina (Fig. S3F) , consistent with retinal stress (27) . We also observed staining for macrophages/microglia in the RPE CreER /DTA retinas especially in the subretinal space and outer retina (Fig. S3G) . This, however, did not correlate with the appearance of deep leakage ( Fig.   S3H ) and indicates that RPE barrier function is maintained even during significant cell loss.
Histological assessment of the retinas of the RPE CreER /DTA mice at 6 months revealed no vascular anomalies despite clear alterations to the RPE and outer nuclear layer, and a normal vascular network in the RPE CreER /DTA mice was confirmed in retinal flat mounts (Fig. S4) .
RPE Stress Reduces Visual Function.
To assess the effects of RPE cell death on photoreceptors, we measured rhodopsin levels and investigated visual function in RPE CreER /DTA mice two weeks following tamoxifen induction. Rhodopsin levels were measured by spectral analysis of pre-and post-bleach visual pigment absorbance, which revealed no significant difference in the amount of pigment extracted from the RPE CreER /DTA animals in comparison to control animals (Fig. 4) . Electroretinography (ERG) was used to assess the functional responsiveness of the neural retina of the RPE CreER /DTA mice, using full-field flash stimuli under scotopic and photopic conditions. Representative traces from wild type ( Fig. 5A and D 5 G-H) . After a period of light adaption, cone function was assessed under photopic conditions (Fig. 5I ) but there was no significant difference in the b wave amplitudes in the two experimental groups. At the highest light intensity tested scotopically, log intensity 1, the initial a wave slope, which was taken within the first 10 ms of the ERG response, was significantly reduced in the RPE CreER /DTA animals ( Fig. 5J ). These changes in ERG amplitudes were neither a transient response to RPE cell loss nor a prelude to further decline, remaining stable for at least a further 6 months (Fig. S5) . Scotopic responses from the wild type animals were of comparable amplitudes to those previously reported in C57B/6 animals (28). The reduction in scotopic amplitude and a wave gradient indicate that the functionality of the rod photoreceptors is compromised, though in many animals this was in the absence of any detectable histological changes within the retina and normal levels of visual pigment.
Discussion
In this study we report the development of a transgenic mouse in which inducible expression of Drusen, thus the RPE CreER /DTA mice may to some extent recapitulate the pigment epithelial cell response in AMD. These data are also consistent with the idea that in geographic atrophy the exposed extracellular matrix is prohibitive to RPE cell attachment and/or survival as it is unable to accommodate RPE cell expansion from the surrounding population.
Despite maintaining a functionally intact monolayer, RPE cell function was clearly compromised. Several animals exhibited rosetting or retinal folds, a characteristic of several human retinal diseases that has also been described in various models of retinal degeneration.
Although the mechanisms that drive rosette formation are not understood, it may occur as a consequence of a loss of close interdigitation between the RPE and outer segments. We also observed deficits in scotopic ERG a and b wave amplitude in RPE-depleted animals, irrespective of the presence or absence of retinal structural abnormalities. This suggests that even in anatomically normal photoreceptors, changes in the depleted epithelial monolayer influence phototransduction. This could occur through alterations in ion and electrolyte flow between the RPE and retina, or possibly through disruption to the visual cycle. In addition, retrieval of photopigment from phagocytosed outer segments may be compromised in the RPE CreER /DTA mice given the accumulation of phagosomes in the basal RPE. This is suggestive of a delay in phagolysosomal fusion and is consistent with defects in phagosome motility reported in a model of sub-lethal photic RPE stress (37) .
In summary, we have shown that although the RPE can accommodate a significant level of cell loss, at least with regard to maintaining a confluent and intact monolayer, it is unable to fully support the functional demands of the outer retina. Thus in aged humans, loss of RPE may place an excessive burden on the remaining population and hence predisposition to retinal dysfunction in the area of greatest metabolic demand. (24) (kindly provided by N. Copeland) using the kanamycin resistance cassette to screen for clones that have undergone recombination. The resistance cassette was then removed by arabinoseinduced Flp recombinase activity in EL250 bacteria (24) . The resulting BAC was purified and used for mouse transgenesis in a C57Bl6 X CBA F2 background as described (38) . Offspring were genotyped using PCR with the primers 5'-GGGTGTCCTGGGCTGTTTCTCTTT-3' and 5'-CTCCCCAGCATCCACATTCTCCTT-3'. Heterozygous, male RPE Cre animals were then crossed with homozygous female conditional DTA animals (26) resulting in offspring that contained a conditional DTA allele in 100% and the Cre allele in 50% of the pups. OHT was administered via intraperitoneal injection (20 μg per newborn pup) and tamoxifen via gavage (3 mg per adult, 2-5 months old). In vivo tamoxifen is converted to OHT which is the biologically active form of tamoxifen.
Materials and Methods
Generation of RPE
Histology. For X-gal staining tissue was dissected and fixed in 0.2% glutaraldehyde, 2 mM MgCl 2 , 5 mM EGTA in PBS for 30 min at room temperature. Following incubation in wash buffer (PBS containing 5 mM EGTA, 0.01% sodium deoxycholate and 0.02% Nonidet P-40) tissue was incubated in wash buffer also containing 5 mM K 3 Fe(CN) 6 , 5 mM K 4 Fe(CN) 6 and 1 mg/ml X-gal overnight at 37°C. In order to better visualise X-gal staining in the RPE, pigment was bleached
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(after X-gal staining) by incubation in KMnO 4 (0.25% in water) for 10 min at room temperature and subsequent incubation in oxalic acid (1% in water) for 20 min at room temperature.
Retinal whole mount preparations were dissected from whole eyes after brief fixation in 2%
(w/v) paraformaldehyde in PBS and then processed for immunohistochemistry as previously described (39) . RPE whole mount preparations were dissected from unfixed eyes and then fixed in cold ( were traced, and the area, perimeter and shape factor (4πA/P 2 (A=area, P=perimeter)) were calculated. The closer to 1, the more circular/regular the cell. In the same 3 images, the numbers of cells in a standard ROI were counted, to give an average number of cells within a set reference area for each animal. In total, 6 wild type (WT) animals and 6 transgenic animals (TG) from 3 different litters were analysed 2 weeks post tamoxifen dose. Student's t test was performed for each morphological property analysed.
Vascular endothelial cells were stained using FITC-conjugated isolectin B4 (Sigma, 1:50).
Pericytes/smooth muscle cells were stained with a Cy3-conjugated monoclonal anti-ASMA antibody (Sigma, 1:100). Secondary Alexa-488 and Alexa-546 antibodies (Molecular Probes, 1:500) were applied to the sections for 1 h at RT and the sections were mounted in ProLong 
